Project Summary
The original goal of this three-year project was to investigate bandgap-tunable bilayer-graphene microribbons allowing continuously tunable photodetection in the IR bands (Figure 1) The approach was to suspend graphene such that it can be actuated, thereby opening a variable bandgap. While most work on graphene photodetectors was done with tiny exfoliated flakes, we developed a scalable approach using chemical vapor deposition (CVD) grown graphene and studied the lesser known photophysics in CVD material. To this end we designed, fabricated, and characterized in Year One a device with suspended graphene microribbons. The CVD growth was optimized and large-area graphene transferred onto a wafer with a sacrificial layer. During this optimization, we have discovered a new growth mode of two-lobed symmetrical curvilinear graphene domains. After optimization the CVD material quality was evaluated with Raman spectroscopy and optical transmission and was found to be either monolayer or bilayer with minimal defect density. The photoresponse from fabricated photodetectors was measured before and after it was suspended in order to avoid effects from spatial inhomogeneity in the CVD material. We have demonstrated four-fold enhancement of the photoresponsitivity, with best values up to 0.4 mA/W, in fully suspended CVD-grown graphene photodetector devices over substrate-supported graphene. In addition, we have shown that the light-current input/output curves give valuable information on the underlying photophysical process responsible for the generated photocurrent. Finally, we have found that fully suspended CVD-grown graphene devices are dominated by the photoelectric effect, which is promising towards CVD-grown graphene photodetectors approaching THz cut-off frequencies. Based on these promising and significant results, our original goals in Years Two and Three were to tackle the actuation of the suspended graphene microribbon and the wavelength scanning capabilities of the photodetector. 
Technical Results

The graphene domains grown on copper at atmospheric pressure using chemical vapor deposition:
We demonstrated the chemical vapor deposition (CVD) growth of two-lobed symmetrical curvilinear graphene domains specifically on Cu{100} surface orientations at atmospheric pressure (Figure 2) . We utilized electron backscattered diffraction, scanning electron microscopy and Raman spectroscopy to determine an as-yet unexplored growth mode producing such a shape and demonstrated how its growth and morphology are dependent on the underlying Cu crystal structure especially in the high CH4:H2 regime. We showed that both monolayer and bilayer curvilinear domains are grown on Cu{100} surfaces; furthermore, we showed that characteristic atmospheric pressure CVD hexagonal domains are grown on all other Cu facets with an isotropic growth rate which is more rapid than that on Cu{100}. These findings indicate that the Cu-graphene complex is predominant mechanistically at atmospheric pressure, which is an important step towards tailoring graphene properties via substrate engineering.
The Effect of the Thermal Annealing on PMMA-transferred Graphene:
The impact of polymer removal by forming gas and vacuum annealing on the doping, strain, and morphology of chemical vapor deposited (CVD) and mechanically exfoliated (ME) graphene was investigated using Raman spectroscopy and atomic force microscopy (AFM) (Figure 3) . The behavior of graphene exposed and unexposed to polymer was compared. It is found that the wellknown doping effect after forming gas annealing is induced in graphene by polymeric residue/Hfunctionalization. Further, forming gas annealing of ME graphene was shown to induce strain via pinning of the graphene layer to the substrate. It was found that vacuum annealing removes most polymeric residue, with minor doping and strain effects. Finally, a study of AFM step height and roughness measurements provides now a comprehensive understanding of those annealing-based processes which create morphological changes and directly influence doping and strain in the graphene layer, such as removal of polymer, removal of the interfacial graphene-substrate water layer, environmental doping effects and deformation of the graphene layer.
Photocurrent Sensing with CVD Graphene Microribbons:
Large area graphene was grown on high purity copper foil using a low pressure CVD furnace at 1000 o C in a hydrogen, argon and methane environment. Raman spectrum of the graphene transferred onto 300 nm SiO 2 substrate confirms good quality monolayer graphene film (For more details see supporting online information.). The graphene was then etched into ribbons using reactive ion etching with O 2 . The patterned graphene microribbons were then contacted with e-beam evaporated 125 nm thick Ti/Au contact pads, defined by the liftoff method using e-beam lithography of PMMA resist and lifted off by N-Methyl-2-pyrrolidone (NMP). The devices were then wire bonded using 25 µm thick Au wires on a chip carrier for electrical measurements. For suspending graphene, we etched the 300nm thick underlying layer of SiO 2 using (6:1) buffered oxide etchant (BOE) followed by critical point drying (CPD) to avoid damage to the suspended graphene ribbon. mbar. The photoresponse of the graphene ribbons was measured using a lock-in amplifier by positioning a 532 nm wavelength laser spot onto the ribbon. A spot of approximately 1 µm diameter (FWHM) was focused using a 50x objective with working distance of 13 mm. The position of the laser spot was manipulated by using piezoelectric motor controlled scanning mirrors with nanometer precision in X and Y directions. The incident laser power, which was measured to be 20 mW at maximum, was controlled by using neutral density filters to sweep between 1 nW and 2.8 mW. The beam was modulated with a chopper wheel at 2 kHz. All current and voltage values were supplied by two Keithly 2400 source meters, while output was read from the lock-in amplifier. A moderate source-drain bias of 0.1 V was used for photocurrent measurements. Back-gate sweeps were performed with 1mV with voltage ranges selected to center the Dirac point. The SEM image in Figure 4b shows a shadow underneath the graphene microribbon which indicates that it is fully suspended. We compared the device performance of the fully suspended graphene microribbon with the supported one. To avoid any influence of varying quality of the CVD graphene material or residual doping, we compared the same device before and after etching the sacrificial SiO 2 layer. The incident laser spot was scanned along the length of the graphene microribbon while recording the room-temperature photocurrent under V SD =100 mV, V g =0 V, from the sample held in vacuum. The photocurrent contribution ΔI PC from the graphene layer was corrected by subtracting the background value from the total recorded photocurrent values. Figure 5 shows the photoresponse plotted against the laser position along the graphene microribbon for both cases. At the metal contacts, the photoresponse is sharply diminished compared to the photoresponse at the center of the 5 m long microribbon. We attributed this dome-shape profile of the photocurrent to the particular Fermi-level bending at the Ti/graphene interface at both contacts. This behavior is similar to previous results with Ti/graphene interfaces at the contacts 12 , which is in contrast to asymmetric profiles with positive and negative current contributions observed with Pt/graphene interfaces 26 . Most importantly, when comparing the peak values in the center, we observed a four-fold improved photoresponse in the fully suspended case. While demonstrating four-fold enhanced photocurrents in large-scale CVD-grown graphene photodetectors is of great technological importance, one would also like to understand the underlying photophysical mechanism to be able to optimize the detector device performance. The two main competing mechanisms for photocurrent generation in graphene are the photothermoelectric effect and the photoelectric effect. One way to tell these two effects apart is to characterize their time constant in optical pump-probe experiments which differ by at least an order of magnitude 26 . This technique requires, however, integration of our graphene microribbons into a coplanar stripeline circuit. In this study we showed that the slope of L-I curve is an alternative way to characterize the dominant mechanism for photocurrent generation. To this end the photocurrent was measured on a fully suspended graphene device and a fully supported one, respectively, under variable power, continuous-wave optical excitation. Figure 6 shows the corresponding L-I curve on a logarithmic scale. Above the noise floor of approximately 500 nW, the photocurrent I PC rises nonlinearly with incident power ( ).
Ultimately, I PC saturates at the highest pump power with values for suspended graphene being approximately 6-times smaller than those for supported graphene, as indicated by the arrow labeled "A" in Fig. 4 . Above the noise floor and below saturation, the data follow a power law such that . For supported graphene we studied five different devices and found an average value of α = 0.62±0.05. In stark contrast, the power exponent of the fully suspended device is with 0.9, near unity. The pronounced change in slope of the L-I input-output curve indicates that the underlying physical mechanism has changed. In summary, we have demonstrated fully-suspended chemical vapor deposition grown graphene microribbon arrays that are dominated by the faster photoelectric effect. Substrate removal has been found to enhance the photoresponse by four-fold compared to substrate-supported microribbons. Furthermore, we have shown that the light-current input/output curves give valuable information about the underlying photophysical process responsible for the generated photocurrent. These findings are promising towards wafer-scale fabrication of graphene photodetectors approaching THz cut-off frequencies.
